Abstract: Power efficient optical serial-to-parallel conversion is proposed using a linear technique based on Fractional OFDM scheme. A Fractional OFDM can mediate between N-OTDM and OFDM without any nonlinear signal processing and it is expected to incorporate both benefits of the densest serial and parallel features of N-OTDM and OFDM as well as power efficiency of a linear technique. The preliminary operation of serial-toparallel conversion is verified so that a 10 GHz sine wave serial signal could be optically sampled by triple Nyquist pulses and be converted to three parallel intensity modulated signals at three Fr-OFDM channels.
Introduction
Serial-to-parallel conversion is an indispensable interface technique for bandwidth matching between broad and narrow bandwidth systems [1, 2, 3, 4, 5, 6, 7] . Timestretch technique using a chirped optical pulse or a colored pulse train has been used for serial-to-parallel conversion in front of an ultrawide-band photonic timestretch analog-to-digital (A/D) converter [1, 5] . They can be regarded as a kind of wavelength division multiplexing (WDM) based techniques and such a WDMbased approaches has a potential to upgrade their parallelism much denser by using an orthogonal frequency division multiplexing (OFDM) scheme. To upgrade their serial density furthermore, the use of a Nyquist pulse train is desirable because it is the densest serial signal. A time lens technique based on four wave mixing (FWM) has been proposed for format conversion between high-speed serial Nyquist optical time division multiplexing (N-OTDM) signals and several lower rate WDM ones [6, 7] . However, it is not always power-efficient because of nonlinear effects for FWM.
Recently, fractional Fourier transform (FrFT) is attracted much attention as an orthogonal basis expansion approach for new multiplexing scheme; Fractional OFDM (Fr-OFDM) and it allows us to introduce the largest degree of flexibility in an intermediate domain between time and frequency [8, 9, 10, 11, 12] . Fr-OFDM scheme can mediate between N-OTDM and OFDM without any nonlinear signal processing [13] and the generation of 4.88 ps sinc-shaped N-OTDM pulses has been already demonstrated using a wavelength selective switch (WSS) and a dispersion compensating fiber (DCF) [10] . A WSS induces a quadratic phase modulation (QPM) on an input pulse and the time-lens effect in a DCF properly compress it to a sinc-shaped pulse and delays so as to generate a N-OTDM signal. The inverse process is also possible through Fr-OFDM and this inverse operation could be regarded as the above mentioned desirable serial-to-parallel conversion; N-OTDM-to-OFDM conversion.
In this paper, we firstly propose and demonstrate a Fr-OFDM based serial-toparallel conversion scheme and verify the preliminary operation using a 10 GHz serial signal. Our proposed Fr-OFDM based serial-to-parallel conversion is expected to incorporate both benefits of previous serial-to-parallel conversion techniques; the densest serial and parallel features of N-OTDM and OFDM as well as power efficiency of a linear technique.
2 Proposed Fr-OFDM based serial-to-parallel conversion A sinc-shaped N-OTDM pulse train is prepared for optical sampling. Data is superimposed on the prepared optical sampling pulse and parallel signals are provided after FrFT based serial-to-parallel conversion. where t is time, f is frequency, T is the symbol duration, and p is the fractional parameter (p ¼ 1 for standard FT), N is the total number of subcarriers, respectively [8, 12, 14] . While a conventional Fourier Transform performs a =2 rotation in the time-frequency plane, the FrFT makes a rotation of an intermediate angle p=2. In particular, the rotation angles corresponding to p ¼ 2m and p ¼ 2m þ 1 (m ¼ 0; 1; 2; . . . ) are the time and frequency axes, respectively. The quadratic phase modulation (QPM) factor in H p n induces a chirp effect and the effect is reversibly convertible with dispersion through fiber transmission. According to Eq. (2), OFDM subcarriers can be converted into a sinc-shaped N-OTDM pulse train via Fr-OFDM after passing through a dispersive fiber, with matched dispersion parameter D ¼ f 2 T 2 tanðp=2Þ (left hand in Fig. 1 ) [13] . This N-OTDM pulse train is used as an optical sampling pulse train. A data signal is superimposed by modulating the optical sampling pulse train. The modulated optically sampled serial signal can be reversely converted into the modulated OFDM subcarriers via Fr-OFDM after passing through another dispersive fiber, with matched opposite dispersion parameter D 0 ¼ Àf 2 T 2 tanðp=2Þ (right hand in Fig. 1) . A WSS can work as Fr-OFDM based Tx and Rx as well as arrayed waveguide grating (AWG) based optical filters [14] . It not only generates the sinc-shaped pulses, but it also multiplexes and properly delays the streams, without using any delay synchronization, splitter and coupler, as in conventional approaches.
3 Experimental demonstration 3.1 Experimental setup Fig. 2(a) illustrates the experimental setup for the proposed Fr-OFDM based serialto-parallel conversion. A mode-locked laser diode (MLLD) was used as the seed pulse light source; the repetition frequency and the center wavelength are 10 GHz and 1540 nm, respectively. Fr-FT parameter p and fiber dispersion D corresponding p was to be −0.156 and 319 ps/nm, respectively so as to form a Nyquist pulse train for optical sampling. Since the number of subcarriers was limited by the number of channels of an available WSS, it was set as three and three subcarriers are converted into triple sinc-shaped pulses with a 25 ps interval for optical sampling. An oscilloscope was used for measuring a seed optical pulse and temporal waveform of the triple sinc-shaped pulses, as shown in Figs. 2(b) and (c), respectively. Although we noted that distortion of the waveform in Fig. 2(c) are attributed to responsibility of a photo detector, the obtained waveform in Fig. 2(c) is suffered from another distortion which is typical of Nyquist pulse train due to dense overlap with neighboring pulses [15] . Optical delay lines (ODLs) were used in order to prepare temporally-aligned three seed pulses before a WSS. These seed optical pulses were filtered by a WSS (Finisar 4000S) based on Fr-OFDM scheme; the filter combines Fr-OFDM filters and fiber dispersion. A 10 GHz sine wave as a data signal drives a LiNbO 3 intensity modulator (LN-IM) and it is temporally adjusted so as to reduce signal intensity of the 2nd pulse corresponding to the 2nd OFDM subcarrier, as shown in Fig. 2(d) . The modulated optically sampled triple sinc-shaped pulses can be reversely converted into the modulated OFDM subcarriers via Fr-OFDM. We used a single channel WSS (Finisar 1000S) for Fr-OFDM and changed the filter function to separately receive three modulated OFDM subcarriers for verification. Fig. 3 illustrates experimental results of temporal waveforms of optical sampling before and after 10 GHz sine wave modulation. Fig. 3(b) is a little bit distorted due to post amplification for observation. Although the intensity of the overall signals is above 0 level, which is due to interference between adjacent pulses and amplified spontaneous emission (ASE) noise generated in the amplifier. From Figs. 3(a) and (b) , the modulated signal at the 2nd channel position is strongly suppressed as expected in comparison with unmodulated triple sinc-shaped pulses.
For serial-to-parallel conversion, a modulated signal is filtered by a corresponding Fr-FT function. Figs. 4 and 5 show experimental and simulated temporal waveforms of three Fr-OFDM channels before and after 10 GHz sine wave modulation, respectively. The pale yellow shading part show the position of the Figs. 5(a), (b), and (c) illustrate temporal waveforms of three channels after 10 GHz sine wave modulation, respectively. After 10 GHz modulation, only the 2nd channel signal intensity clearly reduces in comparison with those of the other channels, while cross-talk due to an inter channel interference degrades their signal separation quality a little bit. In comparison with the corresponding simulated results of Figs. 5(d) , (e), and (f ), these experimental results are well consistent with them. Fig . 6 shows the reconstructed sampled points from retrieved signals at three Fr-OFDM channels after 10 GHz sine wave modulation. In comparison with the original 10 GHz sine wave and triple sampling timing, these reconstructed sampled points are well consistent with the original 10 GHz sine wave.
From these preliminary experimental results, it can be seen that a 10 GHz sine wave serial signal was optically sampled by triple Nyquist pulses and successfully converted to three parallel intensity modulated signals at three Fr-OFDM channels.
Conclusion
We have proposed a Fr-OFDM based serial-to-parallel conversion scheme and verified the preliminary operation using a 10 GHz serial signal. To upgrade its performance including sampling number furthermore, a cross-talk due to an inter channel interference should be carefully removed, which degrades the signal separation quality a little bit. Our proposed scheme can theoretically achieve the densest optical sampling because it utilizes a Nyquist optical pulse as an optical sampling pulse in time domain. In addition, our proposed Fr-OFDM based serialto-parallel conversion scheme is very power efficient because it does not require any nonlinear signal processing. Such an advantage would introduce the largest degree of flexibility in bandwidth matching interface techniques for optical signal processing.
